We studied the ejection fraction (EF) response to upright exercise using first-pass radionuclide angiography (RNA) in 281 patients with chest pain, significant coronary artery disease and normal resting ventricular function. A wide range of resting function (heart rate and EF) and exercise function (heart rate, EF and peak work load) was measured in this population. The EF response to exercise (AEF) varied widely, ranging from a decrease of 36% to an increase of 26%. Twenty-eight clinical, catheterization and RNA variables were examined to determine their relationship to AEF. Considered individually, the variables showing the strongest relationship were resting pulse pressure, positive exercise ECG changes and adequate exercise. Multivariable analysis identified resting pulse pressure, adequate exercise, resting EF, the change in end-diastolic volume index with exercise, positive exercise ECG changes and, to a lesser degree, the number of diseased vessels as variables that were significant independent predictors of l\EF. These observations indicate that AEF is a complex response that is influenced by many pathophysiologic variables in the presence of coronary artery disease. Several of these variables are not related to the extent of coronary artery disease.
EJECTION FRACTION (EF) can be accurately and noninvasively determined by both gated equilibrium and first-pass radionuclide angiocardiography (RNA).' Several studies have reported that the change in EF with exercise (AEF) is useful in the diagnosis of coronary artery disease.4-7 In a previous study8 we demonstrated that in patients with chest pain and normal coronary arteries, the /EF is a complex response that is influenced by multiple physiologic variables. Studies in patients with coronary artery disease5 11 have indicated that the severity of coronary artery disease, the exercise end point and resting left ventricular function may influence the /\EF. The purpose of this study was to determine which factors influence the lAEF in patients with coronary artery disease and normal resting left ventricular function.
Methods

Study Population
The study group consisted of patients with chest pain and angiographically proved coronary artery disease who underwent upright rest and exercise first-pass RNA between January 1, 1978, and March 1, 1981 . Supported by research grant HL-17670, NHLBI; contract HRA 230-76-0300 and research grant HS 03834, National Center for Health Care Technology; training grant LM-07003 and grants LM-03373 and LM-00042, National Library of Medicine; and grants from the Prudential Insurance Company of America, the Kaiser Family Foundation and the The decision to have these patients undergo coronary arteriography was based on clinical indications and was usually made before RNA. All patients underwent RNA within 3 months of coronary arteriography and met the following criteria: (1) Significant coronary artery disease, defined as B75% diameter narrowing of a major coronary artery; (2) normal resting left ventricular function, i.e., a rest EF ?-50% by both RNA and contrast left ventriculography; (3) no previous coronary artery or left ventricular surgery; and (4) no hemodynamically significant valvular neart disease. Patients with mild mitral insufficiency that was considered to be secondary to coronary artery disease were included.
Two hundred eighty-one patients (54 females and 227 males) satisfied these criteria. Their median age was 53 years (range 32-73 years). One hundred sixtyfive of these patients were reported in a previous study. I I In patients being treated with propranolol, the drug was usually tapered and discontinued 24 hours before the RNA study. However, 60 patients had taken propranolol within 24 hours of the study because of the severity of their symptoms.
Study Acquisition
All studies were performed with the patient in the sitting position. A modified V5 electrocardiographic lead was monitored throughout and was used to measure heart rate and monitor ST-segment changes. Blood pressure was measured indirectly with a sphygmomanometer. After an RNA at rest, exercise was performed on a bicycle ergometer (Fitron). Subjects began exercise at a work load of 200 kilopond-meters per minute (kpm/min). The work load was progressively increased by 100 kpm/min each minute until (1) achievement of 85% of maximal predicted heart rate;
(2) moderate chest pain; (3) positive ECG changes (0.1 mV of downsloping or horizontal ST depression); or (4) severe fatigue. Exercise terminated for reasons 1, 2 or 3 was considered adequate; exercise terminated for reason 4 was considered7 inadequate. Patients who achieved 85% of maximal predicted heart rate were said to have achieved target heart rate. At peak exercise, RNA was repeated and heart rate, blood pressure and peak work load were recorded.
The details of the RNA procedure have been reported.7 11-1" An anterior projection and a multicrystal gamma camera (Baird System Seventy-Seven) with a 1-inch, parallel-hole collimator were used. Ten to 15 mCi of technetium-99m pertechnetate were used for each of the rest and exercise studies. Injections were made through a 1-inch, 20-gauge Teflon catheter into an external jugular vein. The technetium was in a volume of less than 1 ml of normal saline and injected as a bolus with 10-20 ml of saline. Counts were recorded over the anterior chest wall in binary form at 25-msec intervals for minute.
Data Processing
Radionuclide data were processed using the computer and software of the Baird System Seventy-Seven and peviously described techniques.7 " ' 2 Corrections were made for background immediately before injection, electronic dead time count loss and detector nonuniformity. Count changes within the left ventricle were used to identify end-systolic and end-diastolic frames. Addition of data from three to six sequential beats produced an average or representative cardiac cycle. EF was calculated from the background-corrected representative cardiac cycles as [(ED -ES)/ED] x 100, where ES = end-systolic counts and ED = enddiastolic counts. A computer program outlined the end-diastolic and the end-systolic perimeters. In accordance with previous phantom measurements and patient validation studies, the end-diastolic perimeter was chosen at the 21% isocount contour of the enddiastolic image. 14 The aortic valve plane was identified both from dynamic images and from the zone in which counts did not change between end-systole and enddiastole. The end-diastolic image was used to calculate an end-diastolic volume (EDV) by the area-length method of Sandler and Dodge. ' The EDV index (EDVI) was determined by dividing EDV by body surface area (BSA). Validation studies for left ventricular EF and EDV, including interobserver variability at rest and with exercise, have been reported. 12. 13 The AEF was defined as exercise EF minus rest EF. The change in EDVI with exercise (AEDVI) was defined as exercise EDVI minus rest EDVI. Mean blood pressure was defined as diastolic pressure plus onethird pulse pressure. Regional left ventricular function was assessed by analysis of wall motion through both the cinematic display of the representative cycle and the static display of the end-diastolic and end-systolic perimeters. A uniform decrease in wall motion was not considered a regional abnormality.
Cardiac Catheterization
The cardiac catheterization procedure followed at this institution has been reported.'6 Selective coronary cineangiograms were obtained in multiple left anterior oblique and right anterior oblique views. Angiograms were interpreted by at least two experienced angiographers, who arrived at a consensus. The degree of diameter stenosis in each major coronary artery was assessed as 0%, 25%, 50%, 75%. 95% or 100%.
Statistical Techniques
Twenty-eight clinical, catheterization and RNA variables were examined to determine their relationship to AEF (table 1) . Univariate linear and rank correlations were determined for each of the individual variables. Multivariable analysis consisted of the determination of multiple regression models using both a forward stepwise algorithm and a backward elimination algorithm. Group differences were evaluated by the Wilcoxon two-sample rank-sum test. l7 A p value < 0.05 was considered significant.
Results
General
The study population demonstrated a wide range in resting function and exercise performance (table 2). The median resting heart rate was 74 beats/min (range 48-103 beats/min), the median resting systolic pressure was 124 mm Hg (range 90-180 mm Hg) and the median resting ejection fraction was 64% (range 50-92%). Exercise heart rate, exercise systolic pressure, exercise EF and peak work load all demonstrated wide variation.
One hundred patients (36%) had positive ECG changes during exercise. Eighty-five (30%) achieved 85% of maximal predicted heart rate during exercise. Two hundred twenty-two patients (79%) had adequate exercise. The remaining 59 patients (21%) stopped exercise because of fatigue.
The AEF ranged from a decrease of 36% to an increase of 26% (median -6%) ( fig. 1 ). In 188 patients (67%), EF decreased during exercise; in 52 (19%), EF increased by 5 or more points. Regional wall motion was abnormal at rest or exercise in 162 patients (58%) and normal in 119 (42%).
Univariate Analysis
Of the 28 clinical, catheterization and RNA variables examined for evidence of univariate correlation with AEF, 15 were significantly individually correlated with AEF (table 3) . Tihe most significant variable, resting pulse pressure, was negatively correlated with AEF ( fig. 2 ). The 83 patients (30%) with narrow resting pulse pressures (< 40 mm Hg) had a median AEF The exercise end point was significantly associated with AEF ( fig. 3 ). The 101 patients (36%) with positive exercise ECGs had lower values of AEF than the 121 patients (43%) who did not have positive ECGs but still had "adequate" exercise (because they experienced moderate chest pain or achieved target heart rate). The highest values of AEF were recorded by the 59 patients (21%) with "inadequate" exercise. The number of diseased vessels was also significantly correlated with AEF ( fig. 4 ). The distribution of for 67% of the patients and 3 AEF was similar for the 72 patients with one-vessel disease and for the 106 patients with two-vessel disease. The 103 patients with three-vessel disease had lower values of AEF than the patients with one-or twovessel disease. The 17 patients with significant left main coronary disease had values of AEF that were similar to those for patients with three-vessel disease; 14 of the 17 patients had three-vessel disease. The distribution of resting pulse pressure, exercise end point, and the number of diseased vessels in patients who increased or decreased EF is shown in table 4. The 188 patients with a decrease in EF with exercise had higher pulse pressures, more diseased vessels, and more adequate exercise end points than the 93 patients with an increase in EF.
Multivariable Analysis
When all 28 variables were considered together, six variables correlated significantly and independently with AEF (table 5). The results of the forward stepwise algorithm and backward elimination algorithm were identical. The predictive accuracy of the six-variable model was modest (multiple correlation r = 0.60, p 0.0001). All six variables were negatively correlated with AEF. In the case of the exercise end points, this meant that the presence of a positive exercise ECG or of adequate exercise was associated with lower values of AEF. The number of diseased vessels was the last variable to enter the model and was the least significant when adjustment was made for each of the other variables (table 5) .
Discussion
Previous studies5, 9-11 of rest and exercise EF measurements determined by gated equilibrium and firstpass RNA suggest that several factors may influence the AEF in the presence of coronary artery disease. We attempted to identify these factors in a group of 281 patients with chest pain, coronary artery disease and normal resting ventricular function.
Our study population demonstrated a wide range in resting heart rate, resting systolic pressure and resting EF. This variability, which we have reported in patients with normal coronary arteries,8 may reflect differences in physical conditioning, volume status, peripheral vascular compliance, anxiety levels and medications. These same factors, as well as exerciseinduced myocardial ischemia, may contribute to the wide range of heart rate, systolic pressure and EF during exercise.
The AEF has been reported to be highly sensitive9 in the noninvasive diagnosis of coronary artery disease. In the present study, 19% of the study group increased their EFs by at least 5 points with exercise. These results are similar to those reported' I in a smaller group of patients with normal resting EFs. Our findings are similar to those of Berger et al.,9 who reported that eight of 45 patients (18%) with coronary artery disease and normal resting EFs had AEFs > 5. Caldwell et al. 6 reported on a somewhat smaller series in which two of 26 patients (8%) with coronary artery disease and normal resting EFs had AEF > 5.
Our results appear to differ from those of Borer et al., who reported that, in a subgroup of 47 patients with coronary artery disease and normal resting EFs, only three (6%) had exercise EFs in the normal range. However, differences in study methods and patient populations may have contributed to this discrepancy. In their study, a gated equilibrium technique was used, exercise was performed in the supine position, and the patients underwent a practice session of bicycle exercise. We studied more patients and proportionately fewer patients with three-vessel disease (37% of our study group, compared with 49% for their whole study group).
Six factors were independently associated with AEF. The variable most significantly associated with AEF was resting pulse pressure, which had a negative regression coefficient. Thus, the higher the pulse pressure at rest, the more the EF decreased with exercise. A high resting pulse pressure may reflect a decrease in vascular compliance, which could alter the hemodynamic response to exercise. However, exercise systolic 646 CIRCULATION EF RESPONSE TO EXERCISEIGibbons et al. Abbreviation: AEF = ejection fraction response to exercise.
pressure, exercise mean pressure, exercise pulse pressure and the ratio of exercise to rest systolic pressure were all included in the multivariable analysis; none of these were significant. It is very unlikely that this finding was due to chance (p < 0.0001), but further investigation is needed to determine the pathophysiology. The use of arterial vasodilators such as prazosin or hydralazine was not controlled in our study and therefore may have influenced arterial compliance and AXEF. The exercise end point was also a significant predictor of AEF. The presence of exercise-induced ischemia, manifested by positive ECG changes, was associated with a larger decrease in EF with exercise. Exercise stopped due to fatigue was associated with a smaller decrease in EF with exercise. These findings are in agreement with those of Berger et al. ,9 who found that positive ECG changes were a major determinant of exercise EF response. The results of the present study suggest that positive exercise ECG changes are the most useful exercise end point, that fatigue is the least useful end point and that moderate chest pain or the achievement of target heart rate are intermediate between these two extremes.
Resting EF and the change in AEDVI were two other predictors of AEF. Both of these factors were .95 r = 0.60;p = 0.0001. Variables are listed in order of entry into the model by the forward procedure. Adjusted F statistics were computed with all the above variables considered together. F > 3.88 corresponds top < 0.05; F > 6.73 corresponds top < 0.01; F > 11.07 corresponds top < 0.001; F > 15.5 corresponds to p < 0.0001.
Abbreviations: AEDVI = (exercise end-diastolic volume index rest end-diastolic volume index).
also signifcant predictors of AEF in patients with normal coronary arteries. 8 The regression coefficient for AEDVI in the present multivariable model was identical to that reported for patients with normal coronary arteries (table 6 ), suggesting that the interaction of changes in EF and changes in EDV was not influenced by the presence of coronary artery disease. The regression coefficient for resting EF was somewhat smaller in the present study, reflecting the fact that patients with coronary artery disease were less likely to have very high exercise EFs that approach physiologic limits. The number of diseased vessels was a significant determinant of AEF, although it was much less important than the other five variables. However, both positive ECG changes and adequate exercise were significantly (p -0.0001 and p = 0.008, respectively) correlated with the number of diseased vessels, and therefore conveyed somewhat overlapping information. Fifty-four percent of the patients who had positive ECG changes had three-vessel disease, while only 27% of the patients who did not have positive ECG changes had three-vessel disease. The AEF is significantly associated with the presence or absence of threevessel disease ( fig. 4 ). Patients with one-and twovessel disease have fairly similar distributions of AEF.
The predictive accuracy achieved by the multivariable model is modest (r = 0.60), indicating that other factors may contribute to the variability of AEF. One possibility is the inherent variability in the measurement of EF. Upton et al. ' 3 showed that repeat EF determinations may vary by as much as 8% at rest and 5% Abbreviations: AEDVI = (exercise end-diastolic volume index rest end-diastolic volume index); CAD = coronary artery disease. 647 VOL 66. No 3, SEPTEMBER 1982 during exercise in 5% of normal subjects. Also, anatomic disease demonstrated on coronary arteriography may not accurately reflect the extent and severity of myocardial ischemia during exercise. The importance of positive ECG changes in determining /\EF suggests that AEF is a measure of functional ischemia, although it is influenced by other factors, such as resting EF, that are not related to ischemia during exercise.
In conclusion, in a population of 281 patients with chest pain, significant coronary artery disease and normal resting ventricular function, the change in EF with exercise was highly variable. Resting pulse pressure, adequate exercise, resting EF, AEDVI, positive exercise ECG changes and the number of diseased vessels were all independent determinants of the AEF. The AEF is a complex pathophysiologic response that is influenced by several variables, many of which are not related to the extent of coronary artery disease.
